Abstract-Magnetophoretic velocity of magnetic nano-objects for biomedical applications was characterized by measuring space-and time-resolved extinction profiles (STEP-Technology) using a customized LUMiReader device equipped with a set of permanent magnets (STEP-MAG). The resulting magnetic fields and gradients in a sample volume enable the operator to choose measurement conditions for magnetic micro-and nanoparticles and their assemblies. The dependence of magnetophoretic velocity on concentration and optical wavelengths indicated assembly of the nano-objects upon magnetophoresis. The method has potential applications in biomedicine to develop advanced materials and protocols for cell separation, tissue engineering, and drug/nucleic acid targeting.
I. INTRODUCTION
Magnetic nanoparticles (MNP) and their assemblies find increasing applications in biotechnology and biomedicine. Characterization of stability and magnetophoretic velocity is important for both design and quality control of the materials. Magnetically induced velocity of the labeled cells can be quantified by cell-tracking velocimetry based on the analysis of microscopic images [Wilhelm 2002 , Häfeli 2005 . In contrast, we have measured suspension clarification kinetics to evaluate the rate of the nanoobject migration in applied gradient magnetic fields [Plank 2011 ]. We report on separation behavior (velocity) of nano-objects due to superposed magnetic and gravity fields quantified by space-and time-resolved extinction profiles (STEP-Technology [Lerche 2014]) . Parallel light of different wavelengths (870, 630, 410 nm) transmits the entire vertical sample height (up to 40 mm) [see Fig. 1 (a)] and multiple transmission profiles are recorded at programmable time intervals (0.1 s to hours) by a line sensor (resolution <25 μm). Particle velocity is calculated based on extinction/concentration changes estimated from time-coded transmission profiles. Short wavelength profiles are more sensitive to nanoparticles due to size and wavelength dependence of extinction coefficient [Detloff 2011] . The gravity sedimentation analyser LUMiReader (LUM GmbH, Berlin, Germany) was specially equipped with a set of neodymium-iron-boron magnets (NdFeB) positioned underneath the cuvette or centered at varied distances at both sides of the cuvette [see Fig. 1 (b) and (c)]. Fig. 1(d) shows schematically that in a simplified consideration the movement of the particle in a sample is defined by magnetic force F m , gravitational force F g , and the frictional force approximated by Stoke's law F r [Lim 2009 ]. The magnetic force and resulting acquired velocity depends on the magnetic moment (which in turn is defined by magnetic field). The described approach allows us to determine the Holder with an optical cuvette with sets of NdFeB magnets positioned underneath the cuvette (magnetic force parallel to the gravity force) or centered at varied distances at both sides of the cuvette (magnetic force perpendicular to the gravity force), respectively. (d) Basic forces (frictional force F r approximated by Stoke's law, gravitational F g and magnetic F m ) acting on a noninteracting spherical particle moving in a probe; here d is a particle diameter, η is a viscosity of liquid.
particle sedimentation velocity (no magnets) and particle migration velocity due to additional applied magnetic field gradients. If sedimentation velocity is negligible compared to migration velocity, the latter corresponds to magnetophoretic velocity.
II. EXPERIMENTAL DETAILS
Commercial magnetic particles Dynabeads MyOne (Dynal Biotech), SIMAG basic (chemicell GmbH), and M-PVA N12 (PerkinElmer chemagen Technologie GmbH) were used as reference materials. Magnetic nanoparticles PEI-Mag2, SOMag5, and PalD2-Mag1 as well as magnetic microbubbles and liposomes have been prepared based on our published protocols [Plank 2011] . A series of SO-Mag6-n nanoparticles was generated by decorating the surface of the negatively charged SO-Mag5 nanoparticles with polyethylene imine PEI to examine the influence of the charge/decoration on stability and magnetophoretic velocity υ of particles. For particle characteristics see Complexes of MNP with viral particles were prepared by selfassembly with adenoviral (Ad) or VSV-particles as described in Almstätter [2015] . The cells were labeled specifically or nonspecifically using Feeder Removal MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) or in-house synthesized SOMag5 MNPs and analyzed for iron cell loading [Grzeskowiak 2015] . Hydrodynamic diameter and electrokinetic potential were measured using Nanosizer (Malvern).
For the calculation of magnetic flux density for one-and two-disk magnets on top of each other, respectively, the finiteelement software COMSOL Multiphysics V.4.4 was used. The disk magnet's geometry of 15 mm diameter and 5 mm thickness (IBS Magnets NE155, NdFeB with a relative permeability μ r of 1.05) was implemented with a remnant magnetic flux density B r of 1.1 T. The mesh was predefined as extra fine. Postprocessing was done by setting up a Z axis perpendicular to the magnets' center [see Fig. 2(a) ]. A suspension sample of 375 μL had a fill height of 8.4 mm. With a cell bottom thickness of 2.3 mm, the magnetic flux density within the suspension amounted from 0.209 to 0.045 T for one magnet, and 0.293 to 0.065 T for two magnets, respectively. Magnetic flux density along Z axis centered perpendicular to the sets of two rectangular (45 mm × 18 mm × 2 mm) NdFeB magnets (HKCM, Eckernförde) was measured using Hall detector, and the magnetic field density B z was calculated for sets of two magnets positioned in either repulsion mode or attraction mode and centered relative to the cuvette as shown in Fig. 2(b) .
III. RESULTS AND DISCUSSION
From extinction profiles shown in Fig. 3 , the Integral Extinction E is calculated averaged over a selected region of extinction profiles between meniscus and the bottom of the cuvette. Particle concentration is proportional to measured extinction E in the linear range of Lambert-Beer law (c = E/εd, d is an optical path, ε is an optical wavelength-dependent extinction coefficient of particles). We further use relative extinctions determined as E rel (t) = (E − E min )/(E 0 − E min ); here, E 0 is an initial extinction of a sample, and E min is the asymptotic extinction value achieved at the end of magnetophoresis measurement [see Fig. 3(b) ]. The efficient magnetophoretic velocity of particles can be calculated as υ = L /t; here, L is a mean path of the particles upon magnetophoresis. The relative concentration E rel plotted against the magnetophoretic velocity υ represents a cumulative distribution function (υ) = E rel ( L /t) that describes the particle ratio having a magnetophoretic velocity υ ι less than or equal to the υ ι value. For example, at time t 0.5 , where the integral relative concentration has fallen to 50%, half of the particles feature a mean velocity of υ 0.5 = L /t 0.5 , which gives a data point of (υ 0.5 ) = 0.5. Sedimentation of the magnetic microparticles Dynabeads-MyOne is slow (see Fig. 3(b) , left top, no MF) compared to separation due to magnetophoresis (+MF). Hence, the graph at the right displays the (υ) for the magnetophoresis with negligible contribution of gravitational sedimentation. The median value of the magnetophoretic velocity under applied magnetic fields υ 0.5 depends on optical wavelength and equals 1332, 1649, and 2289 μm/s. It reflects different sensitivity to particle size by three wavelengths.
Data for suspensions of M-PVA N12 microparticles show that the variation of the distance between the magnet sets allows us to distinguish between sedimentation of the particles and magnetophoresis (see Fig. 4 ). Furthermore, it can be clearly seen Table 2 . Median values of the magnetophoretic velocity υ 0.5 derived from the data for selected nano-objects given in Fig. 6 .
Initial iron concentration (μg/mL) upon measurements or cell iron loading (pg/cell) are given in brackets.
that the magnetophoretic velocity depends on applied magnetic fields.
Use of different optical wavelengths allows us to differentiate between the fraction of the SIMAG particles and formed assemblies (see Fig. 5 ). Increase in relative extinction at larger wavelengths with increasing concentration [see Fig. 5(b) ] suggests that particles assemble into larger aggregates with higher magnetophoretic velocities [see Fig. 5(c) and (d) ]. No gravitational sedimentation was observed in this time window with no magnetic field application [see Fig. 5(a) and (b) ]. Fig. 6 represents results for different kinds of magnetic nanoobjects. Table 2 summarizes the median values of magnetophoretic velocity. They differ by about two orders of magnitude and typically we observe an acceleration of the particles/their assemblies under applied fields (see Figs. 3-7 ), which depends on particle properties, as size and magnetization, concentration, and field and field gradient. We suggest that the measurement procedure described can grasp kinetics of the field-induced aggregation of the nano-objects, a phenomenon that was called cooperative magnetophoresis [Faraudo 2013] .
To find the optimal particle composition for assembling with negatively charged gene delivery vectors, negatively charged SO-Mag5 nanoparticles were decorated with branched 25 kDa polyethylene imine. Increase in the velocity of the nanoparticles/assemblies at increasing PEI-to-iron ratio and neutralizing the particles is an evidence of destabilization and particle aggregation. Upon further titration, high positive electrokinetic potential of the particles is achieved already at PEI loading of n = 6. However, magnetophoretic velocity indicates reestablishing stability only at higher PEI loading of about 12%. Similar results were obtained by analytical photocentrifugation [Lerche 2014] . In this way, STEP-MAG measurements proof as a sensitive tool to characterize stability/efficiency of stabilization of magnetic nano-objects by polymer decoration.
Selected magnetic viral complexes are responsive to magnetic field [see extinction profiles in Fig. 8(a) ]. Magnetophoretic velocity distribution [see Fig. 8(b) ] was calculated, as com- plexes did not show detectable sedimentation under only gravity. The υ 0.5 values for the four viral complexes obtained from these data are given in Table 3 . The median values of magnetic moment M of the complex and number of magnetic nanoparticles N per complex/complex assembly were calculated as first described by Wilhelm [2002] . The results suggest that there are multiple nanoparticles surrounding viral particles [see Fig. 8(c) ] as it can be also seen from the images given in Fig. 8(d) . VSV complexes with PEI-Mag2 nanoparticles have higher magnetically induced velocity compared to the complexes with adenoviral particles, whereas both Ad-and VSV complexes with SO-Mag6-12 nanoparticles have comparable υ 0.5 values. Detailed characterization of such complexes as presented can be used to select the optimal ones for each intended application.
